This study investigates the stress concentration factor of a door opening of an offshore tubular steel tower.
Introduction
Wind turbines are of particular importance as demand in global energy increases. These wind turbine towers are configured differently; it could be a three-dimensional truss or a lattice tower, a steel-reinforced concrete tower, a guyed steel tubular tower or a steel tubular tower, the most common and preferred type in use. These steel tubular towers are designed by the factors of fatigue strength regularly for 20 years of operation, of stiffness according to its vibrational response, of buckling strength which is usually the determining factor in design calculation, and of static load or breaking load as determined by tower head weight, tower's self-weight and aerodynamic rotor thrust.
In the case of tubular steel towers, openings are necessary to serve as access for maintenance and service done inside the tower. This discontinuity or change in geometry may result in high stress gradients, also known as the phenomenon of stress concentration.
The stress concentration factor, Kt, quantifies the stress ratio between the sample section with the opening and the same sample section without the opening. When a material is subjected to a loading over its area, distribution of this loading is uniform; but with an opening, area is reduced. Accordingly, stress concentrates and becomes dense near the hole. A study by Jørgensen [1] found that a stress concentration factor of 1.8 is characteristic and typical in a door opening for a tubular steel tower. Furthermore, a guideline by DNV/DTU Wind Energy [2] states that the determinants of stress concentration in an opening of a wind turbine are dependent heavily on how the door flange is carried out, on how the flange is aligned with the tower wall, on to what extent the door frame replaces the missing tower and on the local stability of the door region.
The effects of openings on the shell strength have been extensively studied. Examples of studies investigating the strength of axially loaded shells with openings are those of Starnes [3] , Toda [4] [5], Han et al. [6] and Shariati and Rokhi [7] . On the other hand, examples of studies investigating the strength of shells with openings under bending are of Yeh et al. [8] and Poursaedi et al. [9] . Lastly, a study similar to a moderate extent to this study is that of Golling's [10] .
Golling investigated stress distribution and buckling resistance of the door opening for lower tower sections.
This study focuses on a door opening of a wind tower where it is found to induce stress concentrations.
With this study, the stress concentration and the factors responsible in tubular steel towers will be determined. The findings can be useful to structural engineers and wind turbine manufacturers as a reference in designing openings.
Finite Element Modeling

General
The model wind turbine tower that is used in this study is shown in Figure 1 
Geometrical Characteristics of Door Opening and Different Cases
The door is elevated at 0. 
Loading and Boundary Conditions
The tubular steel tower is subjected to eight different load combinations which are deemed to be normal and abnormal operating cases for the ultimate limit state(ULS) and serviceability limit state(SLS).
CN-1 until CN-6 are loading combinations that satisfy the ULS, whill CN-7 and CN-8 satisfy the SLS. These load combinations are shown in Table 2 and are applicable in two different state of the wind tower:
wind turbine in operation (power production) and parked wind turbine (idling or standing still). Moreover, the load factors are applicable to all types of offshore structures which qualify to normal safety class as per DNV [11] .
There are five types of load considered on this wind pressure we and internal wind pressure wi, are calculated using BSI [12] and distributed around the shell circumference as shown in Figure 2 . Table 5 summarizes the pressure each course and flange is enduring. Lastly, wave load is only considered from 
Finite Element Analysis
Figurative illustration and comparison of principal stresses at different points of interest is shown in Figures 3, 4 and Table 6 . As anticipated, Case I has almost uniform principal stresses excluding the variable stresses at Column ➃. The result is prospective since the door opening is on the compression side.
Contrariwise, both Case II and Case III have irregular flow of stresses. The upper and lower end of the door opening exhibited strong tolerance to stress concentration, while the sides of the opening endured most stress concentration. This denotes that circumferential or hoop stress plays the more crucial factor contrary to axial stress. This is most evident in Case III which has the greatest principal stress at the sides of its opening, specifically located at rows Ⓒ, Ⓓ and Ⓔ.
Point Case I C a s e II Case III 
Conclusions
This study investigates the trends of stress 
